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Abstract
Research on photosynthetic electron transfer closely parallels that of other electron transfer pathways and in many
cases they overlap. Thus, the ﬁrst bacterial cytochrome to be characterized, called cytochrome c2, is commonly
found in non-sulfur purple photosynthetic bacteria and is a close homolog of mitochondrial cytochrome c.T h e
cytochrome bc1 complex is an integral part of photosynthetic electron transfer yet, like cytochrome c2,w a sﬁ r s t
recognized as a respiratory component. Cytochromes c2 mediate electron transfer between the cytochrome bc1
complex and photosynthetic reaction centers and cytochrome a-type oxidases. Not all photosynthetic bacteria
containcytochromec2; instead it is thoughtthat HiPIP, auracyanin,Halorhodospiracytochromec551, Chlorobium
cytochromec555, and cytochromec8 may functionin a similar manneras photosyntheticelectron carriersbetween
the cytochrome bc1 complex and reaction centers. More often than not, the soluble or periplasmic mediators
do not interact directly with the reaction center bacteriochlorophyll, but require the presence of membrane-bound
intermediates:a tetrahemecytochromec in purplebacteriaanda monohemecytochromec in greenbacteria. Cyclic
electron transfer in photosynthesisrequires that the redox potential of the system be delicately poised for optimum
efﬁciency. In fact, lack of redox poise may be one of the defects in the aerobic phototrophic bacteria. Thus, large
concentrations of cytochromes c2 and c  may additionally poise the redox potential of the cyclic photosystem of
purple bacteria. Other cytochromes, such as ﬂavocytochrome c (FCSD or SoxEF) and cytochrome c551 (SoxA),
may feed electrons from sulﬁde, sulfur, and thiosulfate into the photosynthetic pathways via the same soluble
carriers as are part of the cyclic system.
Abbreviations: FCSD – ﬂavocytochrome c sulﬁde dehydrogenase; FNR – ferredoxin NADP reductase; HiPIP –
high potential iron–sulfur protein; RBC – Rieske iron–sulfur protein/cytochrome b/cytochrome c complex; RC –
reaction center; SQR – sulﬁde quinone reductase
Introduction
Space does not permit complete coverage, but the
focus of this review will be on the discovery and
characterization of redox proteins that are involved in
1 This article is dedicated to the memory of our mentor and
friend, Martin Kamen, who passed away 31 August 2002.
photosynthetic electron transfer. We ﬁrst give a broad
overview, followed by detailed sections which contain
citations in support of this introductory summary.
The history of the redox proteins involved in pho-
tosynthetic electron transfer began with observations
using the hand spectroscope (1880s to the 1930s),
progressed to the scanning spectrophotometer (in the
1940s),toisolationandpuriﬁcationofproteins(begin-112
Figure 1. Composite photosynthetic bacterial electron transfer pathway indicating the variety of possible interactions in purple and green bac-
terial species. Arrows indicate direction of electron transfer. Chloroﬂexus, Heliobacterium, and cyanobacteria were omitted. For abbreviations
see p. 111.
ning in the 1950s), which led to sequence determina-
tion (in the 1960s), to three-dimensionalstructural de-
termination (in the 1970s), to genetics (in the 1980s),
and to whole genome analysis (in the 1990s). Each of
these developments improved our understanding and
represent stages in characterization of the structure
and function of redox proteins which continues to this
day. It is thus only recently that we have developed
an overall view of photosynthetic electron transfer
pathways as shown in Figure 1. This is a greatly sim-
pliﬁedviewwhichcombinesaspectsofphotosynthesis
from the purple and green bacterial families. Whereas
plant photosynthesis and animal respiration are fairly
uniform in their redox protein composition, bacterial
metabolic processes exhibit great diversity which is
not yet fully deﬁned. There are certain aspects of
photosynthetic electron transfer that are the same in
virtually all species but there are others that can best
bedescribedasmix-and-match.Themostvariableele-
ment appears to be in the soluble mediator connecting
the membrane-bound carriers. These can be any of
several cytochromes c, iron–sulfur proteins, or copper
proteins. The Rieske iron–sulfur protein/cytochrome
b/cytochrome c1 (RBC) complex is also variable with
respect to the presence or absence of a c-type cyto-
chrome and in the family to which that cytochrome113
Table 1. Distribution of redox proteins in the seven families of photosynthetic bacteria
Proteina Rhodo. Chlﬂx Chrom. Ecto. Chloro. Helio. Cyano.
Photosystem II II II II I I I and II
cyt. c2 Most No No No
cyt. c4 Some No Some Some No No
cyt. c5/cyt c6 No All All Most
cyt. c8 Some No Some No No
RC cyt. 4 hemeb 4 heme 4 heme 4 heme 1 heme 1 heme No
RBC complex All All All No cyt c Diheme c Cyt f
FCSD Some No Most Some Some No
Chl. c551/SoxA Some No Some No
cyt. c  Most No All Most No No
HIPIP Some No All Most No No
8Fe–8S ferredoxin All All All
2Fe–2S ferredoxin All
Rubredoxin All? No All No
Blue copper Some yes No All
aA blank cell is unknown. A ‘yes’ or a ‘no’ is certain only where there are genome sequences. Rhodo. – Rhodospirillaceae, Chlﬂx. –
Chloroﬂexus, Chrom. – Chromatiaceae, Ecto. – Ectothiorhodospiraceae, Chloro. – Chlorobiaceae, Helio. – Heliobacteriaceae, Cyano. –
cyanobacteria.
bMost but not all purple bacteria have the tetraheme RC cyt.
belongs. The utilization of either or both of the two
types of reaction center (RC, Photosystems I or II) is
also an important difference among species.
The greatest variability among species is from one
photosynthetic family to another as shown in Table 1,
butthere is greaterphotosyntheticdiversityin the non-
sulfur purple bacteria than in the other families. The
non-sulfur purple bacteria are represented by more
species and are better characterized because they are
easy to grow, they are metabolically more versatile,
they can tolerate oxygen, they are simple to plate,
and they are genetically amenable. The electron carri-
ers are either imbedded in the cytoplasmic membrane
or located primarily on the outside of the membrane.
In Gram-positive species, those components on the
outside must be tethered because there is no outer
membrane or periplasmic compartmentto preventdif-
fusion into the medium. In Gram-negative species,
they can also be tethered but are more often soluble
in the periplasmic space.
Class I cytochromes c are deﬁned as those which
are structurally related to the familiar mitochondrial
cytochrome c and are the most commonly occurring
of the soluble electron carriers. The various subfamil-
ies of the class I c-type cytochromesare deﬁned based
upon a combination of sequence identity, speciﬁc in-
sertions and deletions, and presence or absence of
rare amino acid residues which are thought to have
functional signiﬁcance such as cysteine and trypto-
phan (Meyer 1996). Cytochrome c2 is the nearest
bacterialhomologofmitochondrialcytochromec.T h e
other class I cytochromes c are generally smaller and
are more divergent in that the sequences cannot be
uniquelyalignedwithmitochrondrialcytochromec al-
thoughtheyare obviouslyrelatedin three-dimensional
structure. Sufﬁce it to say, the class I c-type cyto-
chromesradiatedfroma commonprecursor,theywere
duplicated and transferred to various species where
theyweremodiﬁedfornew roles, andeventuallymade
their way back to the source where they occasionally
replaced the original cytochrome c. Thus, we now
have a variety of class I cytochromes that function in
photosynthesis.
The role of redox proteins in the photosynthetic
bacteria has only been addressed in the latter half
of the 20th century with the bulk of the progress in
the last 20 years. The photosynthetic bacteria cur-
rently include seven families (Table 1), including:
non-sulfur purple bacteria (Rhodospirillaceae), purple
sulfur bacteria (Chromatiaceae and Ectothiorhodos-
piraceae), green sulfur bacteria (Chlorobiaceae), he-
liobacteria (Heliobacteriaceae), Chloroﬂexus (Chlo-
roﬂexaceae), and cyanobacteria. The subfamilies of
class I c-type cytochromes in photosynthetic bacteria
include:cytochromesc1, c2, c4, c5, c6, c8, Chlorobium
cytochrome c555, Halorhodospira cytochrome c551,114
andChlorobiumcytochromec551(SoxA).Inaddition,
there are examples of divergent c-type cytochromes
such as cytochrome c  and cytochrome f, which are
not structurally related to the class I cytochromes.
Finally, there are several, more complicated, pro-
teins including: the RBC complex, ﬂavocytochrome
c, and RC cytochrome. In addition to c-type cyto-
chromes, the photosynthetic bacteria contain a variety
of iron–sulfur proteins (e.g., HIPIP, rubredoxin, and
lowpotentialferredoxins),copperproteins, andb-type
cytochromes. Electron transfer in the photosynthetic
bacteria involves: the RC complex, the RBC com-
plex, quinone, and what is usually a soluble protein
mediator at a minimum. There are two basic types
of RCs: 1) those related to Photosystem II (in purple
bacteria and Chloroﬂexus) where the reaction center
directly reduces quinone and 2) those related to Pho-
tosystem I (in green sulfur bacteria and Heliobacteria)
where the reaction center directly reduces ferredox-
ins. Cyanobacteria contain both types of RCs. Table
1 summarizes the distribution of redox proteins in the
seven families of photosynthetic bacteria. As more
functionsare determinedand new cytochromesidenti-
ﬁed, amorecompletepictureofelectrontransferinthe
photosyntheticbacteria will evolve in the 21st century.
Cytochrome bc1 and b6f Complexes
One of the more interesting aspects of the history of
photosynthesis is that the RBC complex turned out to
be an integral part of photosythesis as well as respir-
ation (Wood 1980; Gabellini et al. 1982; Gabellini
and Sebald 1986). In fact, it is at least as important
as the RC complex itself. Cytochrome c1 was spectro-
scopically identiﬁed by Yakushijiand Okunuki(1940)
in respiratory tissues although it was much later that
this membrane-bound protein was isolated and char-
acterizedasa single component(RobinsonandTalbert
1980; Konig et al. 1980).
One of the landmark discoveries in biochemistry
was the mechanism of proton pumping inferred from
the three-dimensional structure of the RBC complex
(Zhang et al. 1998). Although the cytochrome b
and Rieske iron–sulfur proteins of the cytochrome
bc1 complex are homologous to those of the cyto-
chrome b6f complex, cytochrome c1 is unrelated to
the cytochrome f of plants and cyanobacteria (Hill
and Scarisbrick 1951; Martinez et al. 1994).
Heliobacteria contain an RBC complex that in-
cludes a divergent diheme cytochrome c component
Figure 2. Professor Martin Kamen at the Fogarty Center of the
National Institutes of Health on the occasion of the International
Workshop on Non-Mitochondrial Cytochromes c organized by him
in August 1990 during his tenure as Scholar in Residence. The
proceedings of the conference were published in a special issue of
Biochimica Biophysica Acta, Volume 1058, 1991. Photo by T.E.
Meyer.
insteadofc1 orf (Xiongetal. 1998)andamembrane-
bound monoheme cytochrome c553 is part of the RC
complex (Albert et al. 1998; Xiong et al. 1998). Be-
cause the heliobacteria are Gram-positive and lack an
outer membrane or periplasmic compartment, it is un-
likely that there is a soluble component that mediates
electron transfer between the two complexes. Thus,
the diheme cytochrome c transfers electrons directly
to the cytochrome c553 or there is another as yet un-
described membrane-tethered component that serves
as a mediator.
Green sulfur bacteria, such as Chlorobium limic-
ola, have cytochrome b and Rieske proteins related
to those of purple bacteria, but it appears that there
is no cytochrome c of any kind in the RB complex
(Schütz et al. 1994). This has been recently conﬁrmed
by the whole genome sequence of Chlorobium tep-
idum (Eisen et al. 2002). A truncated complex III also
is characteristic of Halobacterium and other aerobic
archaebacteria(whichareall Gram-positive);thereare
no c-type cytochromes of any kind in these species
which appear to utilize membrane-bound blue cop-115
per proteins as mediators to the oxidase complex in
respiration (Ng et al. 2000).
Mediators between the reaction center and bc1
complexes
Cytochrome c2
The ﬁrst bacterial cytochrome c to be discovered was
isolated from Rhodospirillum rubrum and was named
cytochrome c2 by Vernon (1953); it was completely
puriﬁed and characterized by Vernon and Kamen
(1954).MartinKamen(Figure2)beganhiscareerwith
thediscoveryofcarbon14andtheuseofradioisotopes
in biochemistry and particularly in photosynthesis.
Kamen’s proof that cytochromes c occur in anaerobic
cells overturnedthe prevailing opinion of the time that
cytochromes only functioned in aerobic respiration.
Kamen never looked back and devoted the remainder
of his career to the characterization of cytochromes,
especially those of the photosynthetic bacteria. No
less than 10 distinct kinds of c-type cytochromeswere
discovered in numerous species surveyed in the Ka-
men lab. Initially, cytochrome c2 was thought to be
structurally and functionally distinct from mitochon-
drial cytochrome c because it had an acidic isoelectric
point (less than 7 vs 10 for mitochondrial cytochrome
c), it had a much higher redox potential (330 vs
260 mV), it was abundant and readily isolated from
anaerobically grown cells, and it was photoxidized
by the bacteriochlorophyll in whole cells and mem-
branes. However, following completion of the amino
acid sequence (Dus et al. 1968), it was apparent that
Rsp. rubrum cytochrome c2 was closely related to
the familiar mitochondrial cytochrome c discovered
by Keilin (1925) who was the key cytochrome re-
searcher of his day. Keilin built upon the extensive
spectroscopicobservationsofMacMunn(1886)which
suggested that tissues contain heme pigments other
than hemoglobin, a view that was very unpopular at
the time. Theorell and Åkesson (1939) were the ﬁrst
to purify and characterize cytochrome c. The gen-
eral occurrence of cytochrome c2 in non-sulfur purple
bacteria was conﬁrmed by comparative sequence ana-
lysis of 12 species of this cytochrome by Ambler et
al. (1979a). The three-dimensional structures of mi-
tochondrial cytochrome c (Dickerson et al. 1971) and
of cytochrome c2 (Salemme et al. 1973) showed that
theyfoldedsimilarly andthat bothhad a concentration
of positive charge near the edge of the heme exposed
to solvent, independent of the net protein charge. It
was thus realized that positive charge localized at the
site of binding and electron transfer was more import-
ant than the isoelectric point in determining reactivity
of cytochromes c and c2. Functionally, cytochrome
c2 mediates electron transfer between the RBC and
RC complexes(duringanaerobicgrowth)and between
the RBC and cytochrome oxidase complexes (during
aerobic growth) in many non-sulfur purple bacteria as
establishedgenetically(Daldaletal. 1986;Donohueet
al. 1988;Jenneyet al. 1994).There are oftenisozymes
of cytochrome c2 in purple bacteria, both soluble and
membrane-bound, that might have a role in photosyn-
thesis under some conditions or may be specialized
for reaction with cytochrome oxidase during aerobic
growth depending in part on their redox potentials.
The regulation of cytochrome c2 and its isozymes re-
mains an active area of research. A membrane-bound
tetraheme cytochrome c mediates electron transfer
between the cytochrome c2 and RC (see below,
Kennel and Kamen 1971; Deisenhofer et al. 1985) in
a number of purple photosynthetic bacteria, but there
are several species, such as Rhodobacter capsulatus,
Rhodobacter sphaeroides,a n dRsp. rubrum,w h e r e
cytochrome c2 reacts directly with the RC. Presum-
ably, the high redox potentials of most photosynthetic
cytochromes c2 (Pettigrew et al. 1975, 1978) are a
speciﬁc adaptation to photosynthetic electron transfer
since it has been shown that the potentials of RCs
(Wachtveitl et al. 1993) are in the region of 450–
500 mV, which are considerably higher than those
of the cytochrome oxidase complexes. The photosyn-
thetic cytochromes c2 are probably not very reactive
with cytochrome oxidase speciﬁcally because of their
high potentials (Yamanaka and Okunuki 1968; Errede
and Kamen 1978). Exploiting the three-dimensional
structures of both the photosyntheticRC (Deisenhofer
et al. 1985; Allen et al. 1987) and cytochrome c2,
their interaction has been extensively studied begin-
ning with the work of Prince et al. (1974), Overﬁeld
et al. (1979) and Rickle and Cusanovich (1979) and
most recentlyin site-directed mutagenesisexempliﬁed
by the work of Tetreaultet al. (2001,2002). The three-
dimensional structure of the RC–c2 complex (Axelrod
et al. 2002) is in good agreement with the conclusions
of the mutatagenesis work. Although much remains
to be learned about cytochrome c2, it has become
a prototype for investigating interactions mediating
physiologically relevant electron transfer. Having said
that, it is clear that not all species of purple bacteria
utilize cytochrome c2 and that there are other proteins116
that mediate electron transfer between the RBC and
RC complexes although their interactions are not as
well characterized.
High potential iron–sulfur protein (HiPIP)
Another electron transfer protein discovered early in
the history of photosynthesis research in the Kamen
lab is HiPIP (Bartsch 1963), which, althoughit hasthe
same 4Fe–4S cluster as bacterial ferredoxin, it has a
redox potential of +330 mV that permits it to function
in many of the same reactions as cytochrome c2.I t
has been found in nearly all of the purple sulfur bac-
teria (90% of the species examined), in a number of
non-sulfur purple bacteria (about 40% of the species),
and even in a few non-photosynthetic species (Meyer
1994). In purple sulfur bacteria such as Chromatium,
it is an abundant soluble protein and its concentration
is more than an order of magnitude greater than that
of the high redox potential cytochromesc4 and c8 (see
below). Little attention was paid to the possible func-
tionalrolesofHiPIP untilrelativelyrecently.Byvirtue
of its abundance and the apparent lack of cytochrome
c2, it was felt that it serves the same functional role as
cytochrome c2 in Chromatium and other purple sulfur
bacteria. It was shown by Kennel et al. (1972) that
HiPIPcould serveas an electrondonorto the RC. This
functionalrole was conﬁrmedwhen spectroscopicand
kinetic evidence showed that HiPIP could mediate
electron transfer to the photosynthetic RC in at least
seven purple bacteria in the families Chromatiaceae
and Rhodospirillaceae, much the same as cytochrome
c2 in other species of the Rhodospirillaceae (Schoepp
et al. 1995; Hochkoeppler et al. 1995, 1996; Menin
et al. 1997, 1998). There is as yet no direct genetic
evidence for the involvement of HiPIP in cyclic elec-
tron transfer and there are some purple sulfur bacteria
that apparently do not have HiPIP, for example Hal-
orhodospira halochloris and Halorhodospira abdel-
malekii. Thus, it is still necessaryto solidifytherole of
HiPIP as photosynthetic electron donor to RC. In ad-
dition to a direct role in cyclic electron transfer, HiPIP
could also serve to buffer the redox potential of the
cyclic photosystem (see below). Finally, in Chroma-
tium, it was found that HiPIP could serve as electron
acceptorfora thiosulfate: tetrathionateoxidoreductase
(Fukumori and Yamanaka 1979b), suggesting that, in
at least some cases, HiPIP can provide electrons to the
photosystem from metabolites.
Cytochromes c4, c5, c6, and c8
Cytochromes c4, c5,a n dc8 were ﬁrst characterized
in non-photosynthetic Pseudomonas and Azotobacter
species (Kamen and Takeda 1956; Tissieres 1956;
Horio et al. 1960; Swank and Burris 1969). In photo-
syntheticbacteria,cytochromec4 was initiallyisolated
from Chromatium vinosum and is apparently a mem-
brane protein, solubilized by treatment with organic
solvents as in the pseudomonads (Cusanovich and
Bartsch 1969) but which is also present at very low
concentrations in the soluble state. Cytochrome c4 is
particularlyinteresting in that it contains two hemes, it
has a cleavable signal sequence, and has no membrane
anchor (Ambler et al. 1984; Ng et al. 1995). Thus,
it is likely to be tightly bound to another protein in
a membrane complex. In this regard, we now know
from the amino acid sequence (Van Beeumen 1991)
that Chromatium vinosum cytochrome c4 is related to
the diheme cytochrome subunit of ﬂavocytochrome c
(Van Beeumen et al. 1991; Chen et al. 1994; Kadziola
and Larsen 1997). One of the most commonly occur-
ring cytochrome genes encountered in whole genome
sequence analyses of bacteria encodes cytochrome c4
(represented as both diheme and monoheme variants
in about twice as many species as is cytochrome c2),
yet it is usually not associated with any other genes
that might give a clue as to its functional interac-
tions. Although a function for cytochrome c4 has not
been directly demonstrated in any species, the protein
couldbemorewidespreadinthepurplebacteriathanis
currently apparent because of its predominantlymem-
branelocation. Cytochromec4 (also called c554(549))
appears to be a soluble protein in the Ectothiorhodos-
pira species such as E. vacuolata, E. mobilis,a n dE.
shaposhnikovii (Küsche and Trüper 1984) and it is
possible that it might have a role as a photosynthetic
electron transfer mediator in these species under some
conditions.
Cytochrome c8 is best known as an electron donor
to the Pseudomonas cytochrome cd1 type of nitrite
reductase (Horio 1958ab). Ambler (1963) determined
the ﬁrst amino acid sequence and Almassy and Dick-
erson (1978) solved the three-dimensional structure.
There are two interesting aspects to cytochrome c8,
it is much smaller than cytochrome c2 and there is
no concentration of positive charge at the edge of the
heme where electron transfer is thought to take place.
The ﬁrst photosynthetically relevant cytochrome c8
isolated was from Rubrivivax gelatinosus (Tedro et al.
1976) and is normally a soluble protein that is pro-117
duced at a low level. There are no other soluble high
potential electron carriers in Rc. purpureus, including
HiPIP and c2, therefore c8 may be the sole elec-
tron donor to RC in this species. Cytochrome c8 has
good activity as electron donor to Chromatium RCs
in vitro (van Grondelle et al. 1977) and forms a com-
plex with ﬂavocytochrome c–sulﬁde dehydrogenase
(Davidson et al. 1985). The Chromatium cytochrome
was identiﬁed as a c8 because of its distinctive se-
quence (Samyn et al. 1996). Cytochrome c8 appears
to be present only in a small number of non-sulfur
purple bacteria as shown by its amino acid sequence
(Ambler et al. 1979b) but is abundant in Rhodocyclus
tenuis and Rhodocyclus purpureus. It is therefore not
surprising that Rc. tenuis cytochrome c8 may effect-
ively compete with HiPIP as electron donor to RC
(Menin et al. 1997). However, there is no evidence
that any other known cytochrome c8 might function
directly in photosynthesis. There are isozymes of c8
in Rc. gelatinosus that are separately regulated, they
have distinctive redox potentials, and may have other
roles such as in aerobic electron transfer (Menin et al.
1999).
Pseudomonasand Azotobacter cytochromesc5 are
characterized by a primarily membrane location (due
to an uncleaved signal peptide) and by the presence
of a rare disulﬁde bridge (Carter et al. 1985; Ambler
1991; Rey and Maier 1997). A cytochrome c5,a s
such, has not yet been encountered in photosynthetic
bacteria, but the soluble Chlorobiumcytochrome c555
is a close homolog based on amino acid sequence
(Van Beeumen et al. 1976) as is the algal cytochrome
c6, which functions interchangeably with the copper
protein, plastocyanin, as electron donor to the RC
in cyanobacteria (Wood 1978). Cytochrome c6 was
ﬁrst puriﬁed and characterized by Katoh (1959). Lay-
cock (1972) showed that cytochrome c6 had a distinct
amino acid sequence related to that of cytochrome c5
and was not a soluble form of cytochrome f,w h i c h
was the prevailing opinion at the time. We note that
Yakushiji (1935) had spectroscopic evidence for the
presence of cytochrome c6 in algae rather early in
the history of photosynthesis research, yet it never
excited the interest that cytochromes c1 and f did.
Chlorobium cytochrome c555 was spectroscopically
identiﬁed by Kamen and Vernon (1954); it was pur-
iﬁed and characterized by Gibson (1961). Although
there is no evidence to link Chlorobium cytochrome
c555 to photosynthetic electron transfer at this time,
it is possible that it could function in this role (Menin
et al. 1998). Cytochrome c555 is the only cytochrome
that has been found in every species of green sulfur
bacteria studied to date (Fischer 1988) which suggests
that it has an essential role.
A somewhat more obscure soluble cytochrome
c551 was discovered in H. abdelmalekii, H. halo-
chloris (Then and Trüper 1983, 1984) and H. halo-
phila (Meyer 1985). It was found to be yet another
distinct member of the greater cytochrome c5 family
of proteins through sequence and structural analysis
(Ambler et al. 1993; Bersch et al. 1996). There are ap-
parently no other soluble high potential cytochromes
or HiPIP in H. halochloris or H. abdelmalekii, thus it
is possible that the Halorhodospira cytochrome c551
donates electrons to the RC in these species.
An evolutionary progression from Pseudomonas
cytochrome c5 to Chlorobium cytochrome c555 to
Halorhodospira cytochrome c551 to cyanobacterial
cytochrome c6 has been proposed (Meyer et al. 1997),
which suggests that pseudomonads predate the evol-
ution of green and purple sulfur bacteria, and that
cyanobacteria evolved more recently.
Copper proteins
In green plants, it is well known that the blue copper
protein, plastocyanin, discovered by Katoh (1960) is
the sole mediator between the b6f complex (which
is analogous to bc1) and RC. It is less well known
that cytochrome c6 can function interchangeably with
plastocyanin in algae and cyanobacteria (Wood and
Bendall 1975; Wood 1978; Merchant and Bogorad
1986) and may be the sole electron donor in some
species. In those species which have both proteins,
they are regulated by copper and plastocyanin is the
preferred electron donor. Plastocyanin is homologous
to the blue copper protein azurin, which was ﬁrst dis-
covered in Pseudomonas by Horio (1958a) and found
to function interchangeably with cytochrome c8 as
the electrondonorto cytochromecd1–nitrite reductase
(Horio 1958b).
Chloroﬂexus is generally known as a non-sulfur
green bacterium because of the presence of light-
harvesting bacteriochlorophyll complexes (chloro-
somes) that resemble those of the green sulfur bacteria
(Feick et al. 1982), but it has a reaction center re-
sembling those of the purple bacteria (Pierson and
Thornber 1983; Shiozawa et al. 1989). Thus, it should
be recognized as a chimera. Chloroﬂexus appears not
to have any truly soluble electron donors (such as
cytochromes), but there are two normally membrane-
bound blue copper proteins, both called auracyanin,118
whichhavebeenisolatedfromsolubleextractsthatare
likely to donate electrons to the RC (Trost et al. 1988;
McManus et al. 1992; Van Driessche et al. 1999). The
auracyanins are more closely related to the azurins of
pseudomonads than they are to the plastocyanins of
plants and cyanobacteria (Bond et al. 2001). The gen-
ome sequence of Chloroﬂexus indicates that there are
actually three related auracyanin type copper proteins
and several cytochromes c, any of which could func-
tion in photosynthesis (DOE Joint Genome Institute:
http://spider.jgi-psf.org). An evolutionary scheme for
the copper proteins shows an interesting parallel to
that of the cytochrome c5 family described above.
Photosynthetic reaction center cytochrome
Up to this point, we have discussed generally sol-
uble proteins that interact with photosynthetic RCs.
However, frequently, the immediate electron donor
to the RC is a membrane-bound cytochrome. The
ﬁrst such protein to be discovered was in Chroma-
tium vinosum based upon spectroscopic observations
(Olson and Chance 1960a, b). Following the initial
report, there were many others on light-induced ab-
sorbance measurements in Chromatium,b u ti tw a s
generally assumed that they were due to a membrane-
bound form of the familiar soluble ﬂavocytochrome
c. There were two observationsthat strongly indicated
thatthismembrane-boundcytochromewasunique:(1)
Parson and Case (1970) found that this cytochrome
could be photoxidized at liquid nitrogen temperat-
ures, indicating an intimate association with the RC,
(2) Kennel and Kamen (1971) puriﬁed this membrane
cytochrome using detergent and characterized it as a
tetraheme protein of 40 kDa which had two widely
spaced redox potentials. Subsequent to these reports,
it was found that the tetraheme RC cytochrome was
present in the majority of purple sulfur and non-sulfur
purple species and also in Chloroﬂexus (Freeman and
Blankenship 1990; Dracheva et al. 1991). The three-
dimensional structure of the Rps. viridis RC estab-
lished that the tetraheme cytochrome was an integral
subunit of the RC (Deisenhofer et al. 1985), and that
a high potential heme is virtually in contact with the
special pair bacteriochlorophyll as expected from the
spectroscopic observations. Purple species which lack
the tetraheme cytochrome, such as, Rsp. rubrum, Rb.
capsulatus, Rps. palustris,a n dRb. sphaeroidesappear
to be in the minority. Chloroﬂexus is an anomaly be-
cause it has a purple bacterial type of RC but green
bacteriallight-harvestingbacteriochlorophyll.Perhaps
it is the tetraheme cytochrome that allows a diverse
group of proteins to mediate electron transfer to the
RC, including cytochromes c2, c8, Halorhodospira
c551, HiPIP, and auracyanin.
The green sulfur bacteria also have a mem-
brane cytochrome associated with the RCs which was
discovered relatively early by spectroscopic means
(Fowler et al. 1971; Prince and Olson 1976; Bruce
et al. 1982; Hurt and Hauska 1984) and which was
genetically characterized more recently (Okkels et al.
1992). The Chlorobium RC-associated cytochrome
c551hasonlya single hemeina 20kDapeptidechain.
Heliobacteria appear to have a related monoheme re-
action center cytochrome c553 (Xiong et al. 1998;
Albertetal. 1998)althoughitremainsto beseenif itis
structurally homologousto that of the Chlorobiaceae.
A need to poise the redox potential in cyclic
photosynthesis
Cytochrome c 
Cytochrome c  was discovered and characterized at
the same time as cytochrome c2 (Vernon and Kamen
1954). It is an unusual high-spin protein spectro-
scopically similar to hemoglobin, but which has co-
valently bound heme that does not bind oxygen. The
amino acid sequences of 12 species of cytochrome c 
(Ambler et al. 1981) and the three-dimensional struc-
ture (Weber et al. 1980) demonstrate that there is no
relationship to cytochrome c2 or to hemoglobin, but
that the heme is covalently bound to the C-terminus of
the approximately 130-residue peptide chain. Amino
acid sequence determination also showed that there
are naturallyoccurringvariantsof cytochromec ,s u c h
as the cytochromes c554 and c556 that are low-spin
due to the presence of a methionine sixth ligand. The
genetic context of cytochrome c  is interesting in that
it may provide some indication of possible functional
roles. In Chromatium, it was found that a gene for
a membrane-spanning cytochrome b is adjacent to
that for cytochrome c , but is in the opposite orient-
ation (Even et al. 1995). In Rb. sphaeroides, a gene
for the low spin isozyme of c , called cytochrome
c554, is adjacent to a gene for a diheme cytochrome
c (Flory and Donohue 1995). Similar genetic associ-
ations have been observedin other species, suggesting
that they are not chance occurrences, but that closely
linked genes may encode proteins that are interact-119
ing redox partners. However, the signiﬁcance of these
interactions is not yet clear.
We proposed some time ago that the redox po-
tential of the cyclic photosystem should be poised
betweenthatofthephotosyntheticRC andthequinone
electron acceptor for optimal electron transfer, i.e.,
between+450and−50mV (MeyerandKamen1982).
If the cells are too highly reduced, the concentration
of catalytically active electron acceptor will be effect-
ively nil and the same for the donor if the potential
is too high. Both cytochromes c2 and c  are present at
veryhighcellular levelsand are capableof performing
this function at either end of this range. The aerobic
phototrophic bacteria, such as Roseobacter,a r ea ni n -
teresting case in point since no defect in the cyclic
photosystem has been found, yet the cells will not
grow photosynthetically under anaerobic conditions.
It has recently been proposed that they lack redox
buffering capacity (Candela et al. 2001). If in fact
cytochrome c  does function to poise the redox poten-
tial near 0 mV in most purple bacteria, what of the
species that lack cytochrome c ? Purple bacteria such
as Rps. viridis, Rm. vannielii, Rps. acidophila,a n d
Rp. globiformisappearto lack a soluble cytochromec 
and produce no other soluble components that could
ﬁll the proposed role of cytochrome c  as a redox
buffer. It will be interesting to determine whether
such a cytochrome is in fact completely absent or is
membrane-boundin these species.
Rubredoxin and ferredoxin
None of the green sulfur bacteria produce cytochrome
c , but they have large amounts of cytochrome c555
(Em = 145 mV) that might play a similar role as cyto-
chrome c2 in buffering the photosystem at the high
potentialend. Atthelowredoxpotentialend, thegreen
bacteria produce large amounts of rubredoxin (Meyer
et al. 1971) which has a redox potential similar to that
of cytochrome c  (near 0 mV) and could fulﬁll the
role of a redox buffer, although it is located in the
cytoplasm rather than in the periplasm. Rubredoxin
was ﬁrst discovered in Clostridium pasteurianum by
Lovenberg and Sobel (1965) and is also found in
Heliobacillus mobilis (Lee et al. 1995). Rubredoxin
has a speciﬁc role as electron acceptor for pyruvate
ferredoxin oxidoreductase in Chlorobium (Yoon et al.
1999). Purple bacteria are capable of producing rub-
redoxin, but it is part of the hydrogenase gene cluster
and presumably regulated differently than in green
bacteria (Colbeau et al. 1994).
The green sulfur bacteria have a different pho-
tosystem than the purple bacteria, one that is related
to plant Photosystem I, which has a tightly bound
8Fe–8S ferredoxin subunit that is the electron ac-
ceptor for the RC (Büttner et al. 1992). In plants and
cyanobacteria, the bound 8Fe–8S ferredoxin (called
PsaC) passes electronson to an abundantsoluble 2Fe–
2S ferredoxin which ultimately reduces NADP via the
ﬂavoprotein, ferredoxin–NADPreductase (FNR). The
bound ferredoxin is homologous to the bacterial 8Fe–
8S ferredoxin discovered by Mortenson et al. (1962)
in Clostridium pasteurianum. The 2Fe–2S ferredoxin
wasdiscoveredbyTagawaandArnon(1962)andFNR
by Shin et al. (1963). Multiple forms of bacterial
ferredoxin have been found in most of the purple and
green bacteria examined, where it is associated with
nitrogen ﬁxation (Schatt et al. 1989). Chlorobium has
the bound 8Fe–8S ferredoxin but does not have a
2Fe–2S ferredoxin like that of cyanobacteria. Instead,
the small soluble 8Fe–8S ferredoxin may accept elec-
trons from the bound protein. Kusai and Yamanaka
(1973c) puriﬁed FNR enzyme activity in Chlorobium,
but there is no gene homologous to plant FNR in the
Chlorobium tepidum genome sequence (Eisen et al.
2002). Chloroﬂexus has a homolog of FNR, but ap-
parently has no small soluble ferredoxins that might
interact with it. Neither bound nor soluble ferredoxins
corresponding to the above have been found in Chlo-
roﬂexus or heliobacteria. It is likely that there could be
more than one coupling site for proton translocation,
utilizing complex I-NADH dehydrogenase as well as
complex III or the RBC. Nevertheless, the redox po-
tential of the system should still be poised higher than
that of the quinone, but lower than that of the special
pair bacteriochlorophyll, which has been reported to
be about +240 mV in green bacteria (Fowler et al.
1971).
Oxidation of reduced sulfur compounds
Flavocytochrome c–sulﬁde dehydrogenase (FCSD)
and sulﬁde quinone reductase (SQR)
Although apparently not directly involved in photo-
synthesis as part of the cyclic electron transfer path-
way, there are several well-known electron transfer
proteins in photosynthetic bacteria that deserve atten-
tion. This is because of their involvement in oxidation
of reduced sulfur compounds such as sulﬁde, sulfur,
thiosulfate,andsulﬁte. Intheautotrophicspecies, such120
as some of the purple sulfur bacteria and all green
sulfur bacteria, electrons for carbon dioxide ﬁxation
come from oxidation of reduced sulfur compounds.
The enzymes that oxidize reduced sulfur compounds
pass electrons on to higher potential mediators, and
the electrons eventually enter the photosystem where
theyareused to reduceNAD. Flavocytochromec from
Chromatium vinosum was characterized by Bartsch
and Kamen (1960) as a relatively abundant soluble
protein. A similarly abundant ﬂavocytochrome c was
foundin ChlorobiumbyMeyeretal. (1968).Both pro-
teins were found to have sulﬁde dehydrogenase activ-
ity in vitro (Kusai and Yamanaka 1973a; Yamanaka
and Kusai 1976; Fukumori and Yamanaka 1979a).
This was not thought to be remarkable at the time
because sulﬁde is a strong reducing agent that is cap-
able of reducing a variety of cytochromes, although
at a rate that is an order of magnitude less than the
enzymatic reaction. However, the balance of opin-
ion now favors enzymatic oxidation of sulﬁde. Hence
the name ﬂavocytochrome c–sulﬁde dehydrogenase
(FCSD). The ﬂavin of the FCSDs has a relatively high
redox potential which makes it reactive with a vari-
ety of ligands including sulﬁte, cyanide, thiosulfate,
and mercaptans. But, these compounds generally do
not reduce the protein (Meyer and Bartsch 1976) and
are not substrates although they do act as inhibitors of
sulﬁde oxidation. The amino acid sequence of FCSD
and three-dimensional structure show that the ﬂavo-
protein subunit is related to glutathione reductase, but
has a differentactive site disulﬁde on the opposite side
of the ﬂavin (Dolata et al. 1993; Chen et al. 1994; Van
Driessche et al. 1996). Chlorobium cytochrome c555
forms a complex with FCSD and serves as electron
acceptor(Davidsonet al. 1986),and a similar relation-
ship was observed between cytochrome c8 and FCSD
in Chromatium (Davidson et al. 1985). HiPIP might
also serve as mediator between FCSD and the pho-
tosystem. There is conﬂicting evidence as to whether
FCSD is actually a sulﬁde dehydrogenase in vivo,
since knockout mutants of FCSD in Chromatium do
not impair the ability of cells to grow on or to utilize
sulﬁde (Reinartz et al. 1998) and FCSD has not been
foundinallspeciesofpurpleandgreensulfurbacteria.
Another sulﬁde-oxidizing enzyme, initially isol-
ated from the cyanobacterium Oscillatoria limnetica
(Arieli et al. 1994), called sulﬁde quinone reductase
(SQR), has since been found in several other species,
including Rb. capsulatus, Chlorobium,a n dAquifex
(Shahaket al. 1999). However,the sequencesof SQRs
(Schütz et al. 1999; Bronstein et al. 2000) indicate
thattheyare homologousto the ﬂavoproteinsubunitof
FCSD and they have the same unusual disulﬁde. SQR
is a membrane-bound periplasmic protein but lacks a
signal peptide for translocation (Schütz et al. 1999)
suggesting that it is transported across the membrane
by association with a reaction partner protein which is
as yetunidentiﬁed.A membrane-boundformof FCSD
has been found in E. vacuolata (Kostanjevecki et al.
2000) and a second gene for FCSD has been found
in the Chlorobium genome as part of the thiosulfate
utilization gene cluster (Verté et al. 2002; Eisen et al.
2002). Puriﬁcation of sulﬁde oxidizing activity in a
Thiobacillus resulted in the isolation of a ﬂavocyto-
chromec (Visser et al. 1997).Thus, our understanding
of the role of the sulﬁde dehydrogenase in vivo is un-
certain. It is likely that FCSD, its isozymes, and SQR
may all be involved depending on growth conditions.
Chlorobium soluble cytochrome c551 (SoxA)
An unusual cytochrome c551 was isolated from
Chlorobium by Meyer et al. (1968), which was found
to be involved in oxidation of thiosulfate although it
was not believed to be the thiosulfate oxidase enzyme
(Kusai and Yamanaka 1973b). The amino acid se-
quence shows that it is a monoheme protein of about
30 kDa that also contains a disulﬁde (Klarskov et
al. 1998). Homologs have been found in Paracoccus
pantotrophus, Aquifex aeolicus, Rhodopseudomonas
palustris, Rhodobacter sulﬁdophilus,a n dAlcaligenes
eutrophus (Appia-Ayme et al. 2001 and references
therein) where they are known as SoxA. Thus, SoxA
is not unique to the photosynthetic bacteria or even
to the green bacteria. Most of the SoxA proteins
have two hemes. The three-dimensional structure of
the Rb. sulﬁdophilum SoxAX complex indicates that
SoxA is a class I cytochrome c with histidine/cysteine
heme ligation (Bamford et al. 2002). The gene for
Chlorobium cytochrome c551 was cloned and found
to be regulated by thiosulfate as part of a cluster of
eight genes including an isozyme of ﬂavocytochrome
c–sulﬁde dehydrogenase (FCSD) (Verté et al. 2002).
The homolog of cytochrome c551 from Paracoccus
is also part of a cluster of genes (Friedrich 1998;
Friedrich et al. 2000, 2001), most of which are re-
lated to those of Chlorobium, including FCSD (called
SoxEF). Similar gene clusters have been found in
Rhodobacter sulﬁdophilus and the other species that
have a cytochrome c551 (Appia-Ayme et al. 2001).
Although the enzymolgy of thiosufate utilization has
been studied more in Paracoccus than in Chlorobium,121
Figure 3. The authors: Terry Meyer (left) and Mike Cusanovich (right).
the SoxYZ protein is present in both species where
it appears to be a sulfur-binding protein, SoxB is a
nucleotidase homolog, and SoxCD is a sulﬁte de-
hydrogenase (Friedrich 1998). Thiosulfate and sulfur
oxidation are active areas of research and it is not
yet certain exactly how the proteins produced by the
thiosulfate gene cluster (including SoxA) interact to
oxidize reduced sulfur compounds. It was shown that
Chlorobium cytochrome c555 stimulates the oxida-
tion of thiosulfate (Kusai and Yamanaka 1973b) and
is likely to transfer electrons between SoxA and the
photosystem.
Conclusions
The 20th century has seen the discovery of an in-
credibly large and diverse number of redox proteins
in the photosynthetic bacteria, only a few of which
have been covered by this review. Although in some
cases the redox proteins are well characterized and
their function clearly understood, in many cases the
functional importance has eluded us to date. Look-
ing to the future, it is clear that genome sequences
are now revolutionizing the study of electron trans-
fer including that of photosynthesis. The genomes of
Chlorobium tepidum (Eisen et al. 2002), Chloroﬂexus
aurantiacus (Joint Genome Institute), Rhodobacter
capsulatus (Integrated Genomics; Haselkorn et al.
2001), Rhodobacter sphaeroides (Joint Genome In-
stitute; Mackenzie et al. 2001), Rhodopseudomo-
nas palustris (Joint Genome Institute), Heliobacil-
lus mobilis (Integrated Genomics), and Chromatium
tepidum (Integrated Genomics) as well as of a half-
dozen cyanobacteria (Joint Genome Institute; Kasuza
DNA Research Institute; Kaneko et al. 1996, 2001;
Nakamura et al. 2002) have been or are now being
completed. These sequences have already indicated
that there are many more potentially photosynthetic-
ally relevant cytochromes than previously imagined.
There are at least 12 c-type cytochromesin Rb. capsu-
latus, 21 each in Rps. palustris and Rb. sphaeroides,8
in Ch. tepidum,7i nCfx. aurantiacus, and 3–7 in the
cyanobacteria. This may be compared and contrasted
with the 7 in E. coli, approximately 32 in Pseudo-
monas aeruginosa, and 42 in Shewanella oneidensis.
Some of these are genuinecytochromegenesthat have
functions well-characterized in other species, such as
bacterialcytochromec peroxidase(BCCP), solubleni-
trate reductase (Nap), nitrite reductase (Nrf), nitric ox-
idereductase(Nor),trimethylamineN-oxidereductase
(Tor), specialized cytochrome oxidase (Fix), and the
more usual cytochrome oxidase (Cox). However, the
remainder of these genes provide a challenge to future
biochemists to determine if and how they ﬁt into pho-
tosynthetic electron transfer and the metabolismof the
photosynthetic bacteria.
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